Information on the effect of nitrogen fertilizer rates and environment on sesame seed composition and nutrition is scarce. The objective of this research was to investigate the effects of nitrogen fertilizer application rates on sesame seed yield, protein, oil, fatty acids, and mineral nutrition. A two-year (2014, 2015) field experiment was conducted. Nitrogen fertilizer (urea ammonium nitrate) solution (UAN, 32% N) was applied by side dressing to four sesame varieties (S-34, S-35, S-38, S-39) at rates of 44.7, 67.2, 89.6 and 112.0 kg·ha −1
Food and Nutrition Sciences sions showed that oil content ranged between 37% -47%, and the main fatty acids were palmitic, steric, oleic, and linoleic acids [15] . Although the increase of sesame seed yield is still one of the major goals of breeders, research on sesame seed nutritional quality has been scarce, especially in the USA where the crop has been recently adopted.
Fertilizer application management is critical for obtaining high yield, soil sustainability, maintaining adequate plant nutrition and high seed nutritional qualities [15] . The use of nitrogen (N) fertilizer application to increase sesame yield and yield components were previously reported, but reports on the effect of N fertilizers, particularly, on seed fatty acid composition of sesame are still scarce [16] [17] [18] [19] . The effects of N fertilizer rates (0, 40 and 80 kg·ha −1 ) on sesame yield, yield components, and seed composition, including seed protein and oil, were studied and found that 80 kg·ha −1 gave maximum seed yield (0.79 tones ha −1 ) and maximum seed oil content (45.9%) [16] . It was reported that the application of N fertilizers at various rates, except 90 kg·ha −1 , resulted in reduced seed oil contents compared to the control [20] . Other studies on other species including sesame found that application of N fertilizers resulted in higher yield and yield components at 60 kg N ha −1 [21] ; at 40 kg N ha −1 [22] ; at 75 kg N ha −1 and 60 kg P 2 O 5 ha −1 [23] ; at 60 kg N ha −1 and 30 kg P 2 O 5 ha −1 [24] . It was found that phosphorus application at the rate of 50 kg P 2 O 5 ha −1 resulted in higher seed yield, seed oil content and seed protein content [25] . Studying the effects of N fertilizers (rates of 0, 25, and 50 kg N ha −1 ) on three sesame cultivars, it was found that the application of N significantly reduced saturated fatty acids (palmitic and stearic acid), but significantly increased unsaturated fatty acids (oleic and linoleic acid) [26] . Also, they found that oleic fatty acid was significantly and negatively correlated with linoleic acid (r = −0.79). It was reported that, compared to the control, N fertilizers increased plant height (7%), number of capsules per plant (11%), number of seeds per capsule (3%), 1000 seed weight (15%) and seed oil content (16%) [16] . Others reported that the increased application of N fertilizer did not affect plant height, but increased the number of branches per plant [17] , although it shown that application of N fertilizer increased plant height and number of branches per plant in the cultivars they studied [23] . It was reported that the application of N increased yield components and seed yield, but did not affect oil percentage of sesame seed [25] . Also, it was indicated that different N fertilizer sources resulted in highest oil and protein [27] [28].
The above literature indicates that the effects of N fertilizers on sesame seed composition is still not completely established and further investigation is needed, and information about its effects on fatty acids is still scarce [16] [17]
[18] [29] . Our results showed that increasing N fertilizer rates resulted in higher seed protein, oil, and some minerals in sesame. Therefore, the objective of this research was to investigate the effect of N fertilizer application on nutritional qualities of sesame seed (protein, oil, fatty acids, and mineral nutrition) in field experiments under conditions of the Mississippi Delta. row-plots (13.7 m) in length on 102-cm beds using a cone planter. The plots were irrigated by furrow irrigation in both. At seed maturity and after the field dried, the center two rows of each 4-row plots were harvested with a 2-row plot combine. Mature seed samples were cleaned and analyzed for seed composition constituents (protein, oil, and fatty acids) and mineral nutrition as described below.
Soil Nutrients Analysis
Nutrients in soil were analyzed using inductively coupled plasma spectrometry (Thermo Jarrell-Ash Model 61E ICP and Thermo Jarrell-Ash Autosampler 300, Thermo Jarrell-Ash Corporation, Waltham, MA, USA) on 5 g soil: 20 ml Mehlich-1 solution, as previously detailed elsewhere [30] [31] . Analysis of N, S, and C were conducted based the Pregl-Dumas method [32] [33] [34] using a C/N/S elemental analyzer with thermal conductivity cells (LECOCNS-2000 elemental analyzer, LECO Corporation, St. Joseph, MI, USA). Soil samples were combusted in an oxygen atmosphere at 1350 ºC to convert elemental N, S, and C into N 2 , SO 2 , and CO 2 gases, and N, S, and C determined by the elemental analyzer as previously detailed [30] [31] . The concentration of nutrients in random soil samples from control plots showed no soil nutrient deficiencies and no nutrients deficiencies were evident in the crop. The averages of nutrient concentrations were as follows: C = 0.9% -1.3%, N = 0.09% -0.14%; and (g·kg analyzed by digesting a 0.6 g in HNO 3 in a microwave digestion system and nutrients were quantified using inductively coupled plasma spectrometry (Thermo Jarrell-Ash Model 61E ICP and Thermo Jarrell-Ash Autosampler 300) [30] [31] .
Analysis of Seed Minerals, N, S, and C
Seed N, C, and S were determined on 0.25 g samples by the C/N/S elemental analyzer [30] [31].
Determination of Seed B, Fe, and P
Boron concentration in mature sesame seeds was determined by the azomethine-H method [35] [36] . Briefly, seed samples were ground in a Laboratory
Mill 3600 (Perten, Springfield, IL, USA) and a 1.0 g sample was combusted to ash at 500˚C and extracted with 20 ml of 2 M HCl at 90˚C for 10 min. The mixture was filtered and a 2 ml sample added to 4 ml of buffer solution containing 25% ammonium acetate, 1.5% EDTA, and 12.5% acetic acid. A freshly prepared solution (4 ml) of 0.45% azomethine-H in 1% of ascorbic acid [37] was added, and the B concentration was measured at 420 nm using a Beckman Coulter DU 800 spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA) [31] . Iron con- Beckman Coulter DU 800 spectrophotometer at an absorbance of 510 nm as previously described [30] [31] . Phosphorus concentration in mature seeds was determined by the yellow phosphor-vanado-molybdate complex method [40] , and as previously described [30] [31] . Briefly, seed samples were ground as described above, and a 2 g of samples was ashed at 500˚C, 10 ml of 6 M HCl were added, and then placed in a water bath at 100˚C until the solution evaporated to dryness. The P was extracted with 2 ml of 36% v/v HCl. A volume of 5 ml of 5 M HCl and 5 ml of ammonium molybdate-ammonium metavanadate reagent were added to 5 ml of the filtrate. A standard curve Measurement of P was performed using a Beckman Coulter DU 800 spectrophotometer at an absorbance of 400 nm as previously described [30] [31]. 
Fatty Acid Analysis

Experimental Design and Statistical Analyses
The experiment was a part of a large project to investigate the effects of variety and increased N application on yield, seed quality, and mycotoxin contamina- random parameters in the model. ANOVA was conducted using Proc Mixed model in SAS; means were separated using Fisher's protected least significant difference test at the 5% level of significance using SAS [45] . Correlations were conducted using Proc Corr in SAS.
Results
ANOVA indicated that the main effects of variety (Var), treatment (T) (N fertilizer application rates), and their interactions were significant for protein, oil, oleic, and linoleic acids (Table 1) . There was no effect of year (Y) for yield and Nitrogen fertilizer (urea ammonium nitrate) solution (UAN, 32% N) was applied at rates 44.7 (T1), 67.2 (T2), 89.6 (T3), and 112.0 (T4) kg·ha −1 , and the rate at 44.7 kg·ha −1 was considered control as is traditionally recommended in the region. *Significance at P ≤ 0.05; **significance at P ≤ 0.01; ***significance at P ≤ 0.001.
( Table 1 ). Since there were interactions between Y, variety, and treatment for some seed composition constituents, the results were presented by each year.
Effects of N Fertilizer Application on Sesame Seed Yield, Composition, and Mineral Nutrients
In 2014, N fertilizer application resulted in higher yield in variety S-34, but in S-35, S-38, and S-39 the yield increased at N rate of 89.6 kg·ha −1 , then decreased at the highest rate (112.1 kg·ha ) on mean values of seed N, S, minerals (B, Cu, Fe, and Zn), and composition constituents (protein, oil, oleic and linoleic acids) (A-K) in 2014 and 2015 in the sesame variety S-34 grown in a field experiment in Stoneville, MS under Mississippi Delta environmental and agronomic conditions. Means within bars within treatments with the same letter are not significantly different at the 5% level using Fisher's test. S-38, but not in S-39, in which no obvious changes were observed. Nitrogen increased with fertilizer application rates in S-34 and S-35, but not in S-38 and S-39; however, S increased in all varieties ( Table 2 , Figures 1-4) .
In 2015, the application of N fertilizers resulted in significantly higher yield, protein, and oleic acid in all varieties (Table 3) . These increases were accompanied by a decrease in oil in S-34 and S-38 only, and a decrease in linoleic acid in S-38 only. Also, increasing the N fertilizer addition rate led to higher seed N in all varieties, but S increased in S-39 only. Mineral concentrations increased with increasing N fertilizer rates. For example, B increased in S-338 and S-39; Cu in S-34 and S-35, and S-38; Fe in S-35; Zn in S-35 and S-39. Increasing fertilizer rates also resulted in higher K in S-38 and S-39, but K decreased with increasing fertilizer rates in S-34 and S-35 (Table 3) .
Correlations between N Fertilizer Rates and Seed Composition and Mineral Nutrients
In 2014, N fertilizer application rates (Treatment, T) were found to correlate positively with protein, oleic acid, Mg, N, S, B, Cu, Fe, and Zn (Table 4) . A negative correlation existed between fertilizer application rates and oil and linoleic acid.
A positive correlation was observed between seed N and the nutrients S, B, Cu, Fe, and Zn (Table 4 ). There was a positive correlation between seed protein and N, S, B, Cu, Fe, and Zn, and a positive correlation between oleic acid and N, S, B, Cu, and Zn. There was a negative correlation between seed oil and seed N, S, B, Cu, Fe, and Zn. There was a negative correlation between seed linolenic acid and Cu, Fe, and Zn. No correlation was found between seed oil and K, Mg and P or between seed linoleic acid and K, P, B, and Cu (Table 4 ).
In 2015, there was a positive correlation between N fertilizer application rates and yield (Table 5) , differing from 2014 when no correlation was found. There were positive correlations between seed protein and oleic acid, N, B, Cu, and Zn.
There were no correlations between N fertilizer application rates and Mg, S or Fe, differing from 2014 (Table 5) 2014. There were negative correlations between seed oil and N fertilizer application rates, yield, K, and seed N, and positive correlations between seed oil and Fe and Zn. In both years, there were negative correlations between seed oil and protein, and between oleic and linoleic acid (Table 5 ).
Discussion
The significant effects of the main factors of Var and N fertilizer on seed protein, 
Effects of Increased N Fertilizer on Seed Composition
The increase of mean values of yield with the increasing of N fertilizer rate was associated with increased yield, especially at rates 44.7 kg·ha 
General Discussion
The effect of fertilizers, including N fertilizer application has been studied previously, but the results of these studies are still controversial or not well studied. For example, the effects of nitrogen fertilizer rates (0, 40 and 80 kg·ha −1
) on sesame seed composition showed that the application rate of 80 kg·ha −1 resulted in the highest oil content (45.88%) [16] . Other investigators have reported results inconsistent with the observations of others [16] . For example, it was reported that the application of N fertilizers resulted in a decrease of seed oil contents compared with the control [20] . The effects of N fertilizer application rates (0, 25, and 50 kg N ha −1 ) was investigated on three sesame cultivars, and found that N application significantly decreased saturated fatty acids (palmitic and stearic acid), but significantly increased unsaturated fatty acids (oleic and linoleic acid) [51] . It was reported that different N fertilizer sources led to a high oil and protein content [28] . On the other hand, it was reported that N application did not change sesame seed oil content [18] [27] . Our results are in partial agreement with those of [26] [28] in that increased N fertilizer increased oleic acid, protein, minerals, but decreased linoleic acid and oil, and this pattern was shown also when the data was expressed across the two years ( Figures 1-4(A-K) ). Our results disagreed with those of [18] [27] who reported that the application of N did not affect oil content, or increased oil content. The increase in seed protein and oleic acid, N, S, and minerals with increased of N fertilizer application rates could be due to enhanced photosynthesis rates resulting from a greater supply of metabolites in plant tissues [51] . The enhanced supply of metabolites in plant tissues results from abundant N available due high N content in the soil and high N absorption [52] . The increase in seed N, S, and minerals with N fertilizer increases could be due to the established inter-relationships between N and other nutrients and their balance in plant tissues [53] [54] [55] .
Inconsistencies between different studies could be the result of genetic differences between the sesame varieties used in the various studies. The uniformity of all field plots included in the two years of the present study. Uniformity is indicated by a single normal probability distribution. While some factors such as yield do give normal distributions, and some nutrient distributions are bimodal (e.g., Cu), the distributions of most nutrients are complex, consistent with varietal and genetic differences in the efficiency with which some varieties accumulate more nutrients than others (Figures 6(A-L) ).
Correlations of N Fertilizer Application Rate with Yield, Seed Composition, and Minerals
The strong positive correlation of increased N fertilizer application rates (T) Figure 6 . Distributions of sesame seed yields, nutrient content of N, S, K, and minerals (B, Cu, Fe, and Zn), and seed composition constituents (protein, oil, oleic and linoleic acids) (A-L) in all field plot samples collected in this study, including all varieties and both years of the study. Similar results were reported by others on sesame [8] and soybean.
Conclusion
Our research demonstrated that yield can increase with increased N fertilizer application. However, application of high N fertilizer rates such as 112.1 kg·ha This research benefits sesame breeders by allowing them to select varieties that respond well to increased N fertilizer application to give greater seed nutritional qualities, and it helps growers manage N fertilizer use.
